Abstract-Microgrids have repeatedly demonstrated the ability to provide uninterrupted service to critical end-use loads during normal outages, severe weather events, and natural disasters. While their ability to provide critical services is well documented, microgrids present a more dynamic operational environment than grid-connected distribution systems. The electrodynamics of a microgrid are commonly driven by the high inertia of rotating generators, which are common in many microgrids. In such high-inertia systems, the impact of end-use load electromechanical dynamics are often not examined. However, with the increased penetration of inverter-based generation with little or no inertia, it is necessary to consider the impact that the dynamics of the end-use loads have on the operations of microgrids, particularly for a resiliency-based operation. These operations include, but are not limited to, switching operations, loss of generating units, and the starting of induction motors. This paper examines the importance of including multi-state electromechanical dynamic models of the end-use load when evaluating the operations of low inertia microgrids, and shows that by properly representing their behavior, it is possible to cost effectively size equipment while supporting resilient operations of critical end-use loads.
I. INTRODUCTION
N ATURAL disasters, severe weather events, and even common equipment outages cause disruptions to many basic services, including the supply of electricity [1] - [4] . As society becomes increasingly reliant on the electricity infrastructure, these disruptions have larger economic and social impacts [5] , [6] . To improve the reliability and resiliency of critical end-use loads, particularly at the distribution level, microgrids can be deployed [7] .
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Digital Object Identifier 10.1109/TSG. 2018.2809452 newer systems are integrating increasing amounts of inverterconnected distributed energy resources; these include sources such as solar photovoltaics (PV) and energy storage to provide power during outage conditions [8] . The integration of large amounts of inverter-connected generation can result in a system with a low inertia, where larger transients can create a more challenging operational environment [9] , [10] . Cost-effective deployment of a resiliency-based microgrid requires simulation-based planning studies to ensure proper equipment sizing, as well as determine operational procedures [7] . Simple adequacy studies utilize a steady-state, static power balance for a single operating point at a single time, and neglect system losses and any dynamic considerations. More advanced studies solve the full network powerflow, allowing for a more complete evaluation of the topological concerns of the system, and account for losses [10] . Further operational detail can be provided by utilizing time-series simulations, which are able to represent transitions between load states to study mid-and long-term dynamics and seasonal variations. Time-series simulations typically use 1-second or 1-minute time-steps and can be run for day-, week-, or even year-long simulation periods [11] . The highest levels of detail are achieved using electromechanical-transient and electromagnetic-transient simulations, at 1-millisecond and 1-microsecond time-steps, respectively. As the time step of the simulation decreases, the results become a more accurate representation of the operational system. For example, electromagnetic models, which require smaller time steps, are more accurate than electromechanic models, which require larger time steps. However, higher complexity and computational effort are associated with models requiring smaller time steps [10] .
The exact level of detail required for a simulation will depend on the specific microgrid, and the operation it supports. For resiliency-based microgrids that incorporate a high penetration of inverter-connected generation, dynamic simulations are necessary to examine the impacts of operating a system with a low inertia. One significant challenge is developing the equipment models necessary to represent the dynamic characteristics of equipment at the distribution level, both distributed energy resources and end-use loads.
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research area [12] . However, despite many years of research, there continues to be significant discrepancies between the models of end-use loads and their true dynamic response to system disturbances [13] . Fortunately for applications like resiliency-based microgrids, this discrepancy is recognized, and improved end-use dynamic load models are in early stages of development. This paper provides a step towards improved dynamic models for end-use loads for resiliencybased microgrids.
For distribution-level analysis, especially low-inertia microgrids, the transient responses of individual end-use loads can directly impact the frequency and voltage. Proper simulation and analysis can determine the magnitude and duration of a frequency and/or voltage transient to actions, such as switching or motor starting events. Being able to perform detailed simulations that identify the magnitude and duration of transients is essential in properly sizing equipment and developing operational strategies. For example, knowing explicitly how far the voltage may change due to a motor stall can help determine protection settings, set-points for distributed generation, and the proper size of generation resources.
The dynamic analysis approaches used for the bulk power system can be applied to the distribution system, but with increased levels of complexity due to the distribution system unbalance or perceived lack of imbalances in the transmission system [14] , [15] . Full transient-capable models, electromechanical-transient and/or electromagnetic-transient, are required to capture the operational behavior of a low-inertia microgrid. Specifically, knowing that a generator is sized to meet the steady state load of a system does not assure that the generator can support the dynamic behavior of the end-use load during a transient. A common event, such as a motor starting, may require additional generation or resources to maintain frequency and voltage during the transient [16] .
The contribution of this paper are: a) propose a multi-state motor model and b) incorporate multi-state physical models into dynamic simulations to evaluate the design and operational strategies for low-inertia microgrids. The multi-state motor model incorporates behavior to model thermal protection, stalled states, tripped states, and normal operations, in addition to the dynamic behavior of the motor proposed by other authors. This allows for a more accurate representation of the end-use load, and enables a more accurate evaluation of its impacts in the low-inertia microgrid setting. The ability to incorporate the multi-state end-use load dynamics allows for the proper sizing of equipment during the design phase, and for the development of feasible operating strategies. These capabilities allow resiliency-based microgrids to be more cost effective and to ensure that their operation increases the ability to support critical end-use loads.
The remainder of the paper is organized as follows. Section II provides background on the different end-use modeling approaches. Section III describes the dynamic phasor approach for modeling dynamics, as well as a single-phase induction motor example model. Section IV introduces the simulated systems and examines the impacts and results of using the more detailed end-use models in low-inertia microgrid design and evaluation. Finally, Section V provides a discussion and concluding remarks.
II. BACKGROUND
Modeling the transient power system behavior has primarily been limited to the bulk transmission system, often to resolve discrepancies between modeled and measured behavior [10] , [12] , [17] . Traditionally, end-use loads have been characterized by constant power or constant impedance values, with constant current loads used less frequently [10] , but this is beginning to change. With the significant number of phasor measurement units (PMUs) now available on the transmission grid, these static representations are being replaced with time-varying representations modeled from the measured data. The approach in [18] utilizes PMU data to determine the power, current, and impedance fractions to capture different frequencies of dynamic behavior. Reference [19] utilizes an Unscented Kalman Filter approach to generalize the measured data into an aggregate load model that responds to different dynamic conditions on the grid.
To leverage information about the underlying load composition, some efforts are focusing on creating improved aggregate models, such as the composite load model of the Model Validation Working Group (MVWG) in the Western Electricity Coordinating Council (WECC) [20] . The researcher in [21] has focused a composite load model on industrial load facilities, adjusting the parameters and representation to better capture the dynamics of those larger grid consumers. The use of the composite load models in transmission-level studies helps reconcile some of the differences between the modeled system and measured system behaviors, namely by more accurately representing load behavior in the studies. The composite load model is an aggregate-level model suitable only for bulk transmission system studies, but does demonstrate an increased understanding of the impact of dynamic load behaviors. Much like the transmission-level modeling of loads, discrepancies in the end-use load models in distribution systems, and particularly microgrids, can result in operational uncertainties and behavior differences. These discrepancies are typically compensated for with overly conservative operating constraints, such as over-sized equipment and/or conservative operational strategies. The lower the amount of inertia in the system, such as in a small local or community microgrid with significant inverter-based generation, the more severe the impact of end-use load dynamics may be. These impacts have historically taken the form of significantly over-sized diesel generating units to address the uncertainties in the dynamic stability of the system. A proper understanding of the enduse load dynamics, and how they affect microgrid stability, will allow for more effective designs for microgrids, including the most efficient and cost-effective sizing of generating assets.
One option for representing the end-use load at the distribution level, and in microgrids, is to use recorded time-series values for the complex power at a specific location. These values can be played into a time-varying simulation, providing a historical basis for the load behavior. However, this method is based on historical load behavior for specific operating conditions on the system. Varying operating points, and conditions, decrease the effectiveness of the pre-defined load representation, since the underlying electrical characteristics of the load may change.
To represent the load response to changing system conditions, varying levels of end-use load representation can be used [22] . A basic voltage-dependent model will represent the end-use loads as a fraction of impedance, current, and power portions, the ZIP model [23] . This model allows the load response to adjust for varying voltage conditions, and is typically useful for energy balance and static powerflow scenarios.
The ZIP model can be improved by including multiple states, representing different mixes of the ZIP components for different operating states. This allows for more complicated behaviors and discretely-changing electrical characteristics to be represented [11] . However, these two approaches only work well within normal operating conditions, where the behavior of the underlying devices are well defined. During faults or other transient conditions, dynamic behaviors become a more significant concern for operation. This requires a much greater level of detail, often including differential equation representations of the end-use load models to properly reflect the transient impacts to grid stability. Leveraging the multi-state implementation, these more complicated load models may even have multiple sets of differential equations for different modes of operation.
For complex end-use loads such as motors, physics-based models often provide an improved representation of the device. As with the transmission-level modeling, there have been attempts to create a composite load model that leverages the physics of the individual models to aggregate portions of distribution dynamic load. Modeling approaches, such as those in [24] will model sections of the load of a distribution system or microgrid, with explicit inclusion of induction motors and more dynamic loads. This approach improves the results of dynamic simulations of the microgrid, but mainly captures the behavior of the loads during standard behaviors. Conditions like lower voltage swings or individual device protection may fall outside of the aggregated model's representation, potentially mis-representing the distribution system or microgrid behavior during an undesired operating condition.
Both [10] and [25] provide general physics-based models of common loads, such as induction motors, expressed in the form of coupled differential equations. The differential equation implementation allows an end-use model to represent the behavior of a load under a variety of conditions. However, these differential equation forms are sometimes producing data at the explicit sinusoid level, or point-on-wave data. While this is useful for modeling at the time scale of electromagnetic phenomena, e.g., microsecond time-steps, it is often impractical for performing the evaluation of larger, system-level scenarios.
Studies and evaluations have been performed at the electromagnetic level, especially for inverter interactions [26] . However, these studies are typically on much smaller systems, not feeder-level microgrids, and are examining more detailed aspects of the microgrid operation like protection and voltage stability. Electromagnetic-level simulations and analysis are very useful for specific problems, but often are significantly more detailed than standard resilience-based microgrid operations need to evaluate [7] .
Feeder-level and microgrid studies are often conducted on systems with hundreds or thousands of nodes, with each node containing up to three phases and a neutral. While there are many approaches to solving the three-phase, unbalanced powerflow [23] , [27] , coupling the solvers with the differential equation-modeled devices can require significant computational resources. One solution is to change the differential equation-based model into a representation that is closer to an algebraic basis, making it more compatible with integration into the powerflow solver [15] . This can be accomplished by applying the dynamic phasor approach to the original differential equations, resulting in a phasor-domain representation that is more compatible with the powerflow solvers.
III. DYNAMIC PHASOR MOTOR MODEL
Conducting full electromechanical dynamic simulations on a large system model, such as the IEEE 8500-Node System, is not always practical. As mentioned in Section II, coupling the algebraic equations of the powerflow with the differential equations of end-use devices can be problematic. Most distribution power flow solvers provide solutions in a phasortype representation, while most of the differential equations, such as the equations for a synchronous generator, are built around a point-on-wave representation [10] . To prevent any conversion issues and to allow information in the models to be properly coupled, a common representation must be utilized.
To properly integrate these two models, the phasor representation needs to be converted to a point-on-wave equivalent, or the point-on-wave needs to be converted to a phasor-based representation. Such conversions are often not trivial, especially in dynamic simulations where the implications of a phasor or how it was computed may have different interpretations [28] , [29] . To support these implementations, especially when electromechanical dynamics are of interest, a dynamic phasor approach enables the transient model to be put into a representation more compatible with power flow algorithms. This section describes the dynamic phasor method, as well as its application to modeling the electromechanical aspects of an induction motor.
The dynamic phasor approach provides a mechanism to convert time-domain-based models into a time-varying phasor notation [14] , [30] , [31] . The dynamic phasor approach leverages Fourier transforms and Fourier series representations to decompose the differential equations into a combination of phasors at multiple frequencies. If a sufficient number of frequencies are selected, even electromagnetic behaviors can be captured using this method. However, electromechanical dynamics can typically be modeled using only a few frequencies, often just the fundamental frequency and the first or second harmonic. The basis of the dynamic phasor transformation is shown in (1) . A detailed derivation can be found in [31] .
where:
multiple of the fundamental frequency ω k k-indexed frequency being evaluated For phasor-based implementations, the derivative of the phasor-domain representation is typically performed as a numeric differentiation using the previous time-step value. For many electromechanical transient simulations, only utilizing the fundamental frequency and the first or second k-multiple are sufficient to match the original time-domain response [15] , [32] . With the approximation from explicit electromagnetic models to more electromechanical models, the timestep of a simulation can often be lengthened; i.e., from 2.0 microseconds for an electromagnetic simulation to 2.0 milliseconds for an electromechanical simulation. As such, models with the electromechanical model execute faster, allowing scaling to much larger system models for the same simulation time. Examples of the improvements of the simulation time and trade-offs with the representation are shown in greater detail in [15] , [31] , and [32] .
A. Single-State Induction Motor Model
One of the more common devices to be modeled in a distribution feeder or microgrid, despite its complexity, is the load contribution from induction motors. These motors are commonly used in residential and commercial applications in North America, with applications including forced-air blowers, refrigeration compressors, and fans [13] . As such, their behavior is of significant interest in distribution-level analysis, especially in conditions where significant voltage or load changes may occur.
The dynamic equations for three-phase motor models are covered in many of the traditional power system textbooks [10] . Single-phase motor models are a more recent development, mostly due to increased modeling detail on distribution single-phase systems. For this work, the detailed dynamic phasor-based induction motor model from [33] is utilized as the basis for the motor model. Three-phase motors could be modeled using a similar, dynamic-phasor model, such as those given in [34] and [35] . Equations (2) through (7) represent the final model from [33] . These equations represent the "Running" and "Stalled" states of the multi-state model proposed in the next section. Specific relationships and transformation between the forward and backward fields, f and b respectively, are omitted for brevity and available in [33] . rotor time constant T mech mechanical torque loading on motor In general, f subscripts represent the forward field, b subscripts the backwards field, and d and q representing axis in the dq0 coordinate translation of the induction motor [10] , [33] .
The model represented in (2)- (7) allows induction motor behavior in a variety of operational states to be represented and integrated into the dynamic simulation. This includes the stall behavior during under-voltage conditions described in [13] and [33] . However, to capture additional details of the end-use model, such as thermal tripping or the off-state, a multi-state model can be implemented.
B. Multi-State Motor Model
The model presented in Section III-A provided the model of a single-phase induction motor in the "Running" and "Stalled" states. However, similar to other complex loads, an induction motor has multiple operational states, each with distinct behaviors. For example, if the voltage drops or if the mechanical load exceeds the capabilities of the motor, it may decelerate and stall [33] , [36] . Once in this stalled state, the model of (2)- (7) only captures the electrical current needed by the motor, not any of the secondary behaviors such as protective tripping. This paper proposes a multi-state motor model that captures these additional secondary behaviors.
Using a multi-state model, the thermal protection for a motor can be included. For this model, thermal protection was included as it is typically physically included on the motor. Other forms of protection are equally important to model, but would be done as a separate device attached or in-line with the motor during the simulation studies. Utilizing the multi-state model approach allows for a more accurate representation of the end-use load, and enables a more accurate evaluation of its impacts in the low-inertia microgrid setting.
In Fig. 1 , four different operating states of a single-phase induction motor model are shown, including the allowable transitions between each state. It is useful to note that while these transitions and operating states are given in the context of single-phase induction motors, the same multi-state implementation also applies to three-phase induction motor models. Table I gives the logic for the allowable state transitions shown in Fig. 1 . The model of Section III-A covers State 3 (Running), a simplified thermal model. In both states, the heating energy, primarily associated with the resistive components of the motor windings, is accumulated. Thermal losses are modeled via a simple exponential decay. Once the threshold determined by the thermal protection is reached, the motor transitions to State 4 (Tripped). For recovery times, a simple time delay is utilized. A full equivalent thermal parameter model could be substituted in here, to explicitly model the motor temperature and thermal protection response.
With a complete dynamic multi-state load model, it is possible to examine the benefits of using dynamic multi-state load models to simulate operations in a resiliency based microgrid. Combining this motor with other simulation capabilities, such as transient dynamics and in-rush modeling capabilities, enables modeling of the low-inertia microgrid behavior on various levels of detail. This can include modeling down to individual motor reactions to conditions. Such a lowlevel evaluation would allow the dynamics of each motor to be determined by its particular terminal conditions, driven by the topology and conditions of the system.
IV. SIMULATION STUDIES
To demonstrate the impacts of multi-state load models with dynamic characteristics on system behavior, a series of simulation studies are performed. The multi-state, dynamic phasor motor model from Section III is combined with the transient dynamic and in-rush modeling capabilities from previous work [15] , [32] . These capabilities are implemented within the GridLAB-D simulation environment [37] , [38] , which will be used for the simulations of this paper. Individual multi-state motor models, as well as the individual end-use devices, are modeled within the GridLAB-D environment; there is no aggregation of the devices. The system-level and local behaviors are the culmination of the individual models, coupled through the distribution or microgrid system. While the GridLAB-D simulation environment is used for the work presented here, any simulation environment capable of implementing (2)- (7) and the multi-state load models of Section III-B could be used.
Modeling the individual end-use load behavior requires properly selecting the parameters of the models. Ideally, the explicit parameters and nameplate information for the end-use devices would come from a direct equipment database for the feeder or microgrid of interest. However, this information is not always readily available.
Lacking the direct information, this end-use device information could be obtained from utility customer surveys, the Energy Information Administration's website [39], or extracted from other programs, such as EnergyPlus [40] . Utilizing the secondary sources of data would obviously require further tuning and engineering judgment to determine if they represent the system characteristics properly. While it is beyond the scope of this work, one approach to improving the accuracy of the model would be similar to that utilized in the evaluations of [22] , [41] , and [42, Appendix B]. Where available, measurements for the load, feeder, and/or microgrid of interest would be used to calibrate a population of enduse loads. Once aligned for this existing event, there would be greater confidence in the simulation of abnormal grid conditions. The more detail obtained from the real system, and the greater granularity represented in the dynamic multi-state loads, the more accurate and representative the simulation results will be to the operational feeder or microgrid.
The following sections present the simulation results of four cases. Case 1 examines the difference in simulation results when using traditional ZIP models, a standard dynamic model, and the multi-state dynamic model for the end-use load. Case 2 is a series of simulations showing how the proper size of a generator can be influenced by multi-state dynamic load models, such as the induction motor models. Both Case 1 and Case 2 use a simple four-node system to highlight the difference in load model representations. Case 3 uses the same four-node system, but scales up the generation and load to show an extreme dynamic example. To show that the presented work is scalable to full-size systems, Case 4 uses a modified version of the IEEE 123-Node Test System, which has been altered to represent a feeder-level microgrid, useful for examining the impact of dynamic multi-state load models on a low-inertia microgrid.
For all simulations present, unless explicitly mentioned, protective devices are not included, except for the thermal protection in the multi-state motor model. Extreme cases and responses are highlighted in this paper to demonstrate how the varying end-use load dynamic behavior can influence the simulation. Other protective devices, such as fuses and over-current relays at both the feeder-and load-level, would influence and possibly prevent some of these behaviors. For example, if the system were designed to be "fused for load", then including the protection could be very important during periods where a large population of motors stall, potentially tripping part of the feeder before the individual motor thermal protection occurred. The focus of this paper is on detailed load models, therefore only thermal motor protection is included and studied. For a study of additional protection settings, or full evaluations of resilience-based microgrids, engineers could include protection models, or monitor system variables of interest related to protection systems.
A. Case 1: Comparison of ZIP Loads and Dynamic Motor Models (Small System)
To highlight the impact of different load models, a simple four-node system will be examined. One three-phase node connects the generation source, and the other three nodes represent individual phase branches (A, B, and C) of secondary distribution to the end-use loads. The generation for this system is a single 30.0 kVA rotating machine. For the base scenario, the end-use load is composed of standard ZIP load models. For the second scenario, part of the load at each node has been replaced with standard, single-phase induction motor models. Finally, a third case is simulated that also replaces part of the original ZIP load with more advanced dynamic models, but utilizes the multi-state, single-phase induction motor models. The multi-state dynamic motors all have thermal protection set to trip after 1.35 seconds, and reconnect after 3.0 seconds. These time intervals are unusually short, but were selected mainly to highlight the behavior on a reasonable time-scale. Fig. 2 represents the notional diagram for the system used for both cases. For all three scenarios described, an identical event schedule was utilized. The sequence of events is outlined in Table II . The simulation starts with only a base ZIP load of 1.733 kW and 1.042 kVar running on the system. For all three scenarios, this base load is not balanced on the phases, with the load distribution given in Table III . At t = 5.0 seconds, an additional 3.288 kW and 0.644 kVar of load is enabled. This is another ZIP load for the base case, and three 1.0 kW induction motor models for the dynamic and multi-state dynamic case.
After t = 5.0 seconds, all of the loads on the system are connected, and the behavior is just dictated by the individual devices. At t = 10.0 seconds, some event occurs on the system that drops the voltage to 0.5 p.u. This could be a fault on the microgrid, or an issue with the generator controls. The cause of the voltage drop is not of concern here, mostly how the loads respond. At t = 13.25 seconds, the voltage recovers. Fig. 3 shows the real power output of the 30.0 kVA diesel generator for the three different scenarios, and Fig. 4 shows the reactive power output. There is clearly a large transient in the two motor traces of both plots around t = 5.0 seconds, associated with the starting surge of the motors and their dynamic characteristics. Once this transient subsides, the two motors closely match the ZIP model response. However, when the voltage drops at t = 10 seconds, the differences in the model representations are more apparent. Both of the dynamic motors stall, as is represented in the reactive power plot of Fig. 4 . However, the multi-state motor model includes the thermal tripping. After the 1.35 seconds of the stalled state, this motor trips out of service around t = 11.8 seconds, as the change in real and reactive power demonstrates.
This aspect is particularly important for the voltage recovery at t = 13.25 seconds. The standard motor model shows a significant real and reactive power surge as the voltage recovers, both in magnitude and duration. Without the thermal protection portion the multi-state motor model includes, the standard motors immediate restart, despite likely suffering damage from being stalled the additional 3.0 seconds.
After the multi-state motor models have thermally tripped around t = 11.8 seconds, they begin to cool and move to a condition where the thermal protection will eventually reset. For the purposes on this simulation, this cool-down time was significantly accelerated to occur over about 3.0 seconds. After the multi-state motor models thermal protection has reset, they can attempt to restart. This thermal reset occurs around t = 14.8 seconds, which is after the voltage recovery has occurred. The large spike in real and reactive power is associated with the three multi-state motor models restarting and resuming a running condition.
It is useful to note that the peak value in Fig. 3 and Fig. 4 is smaller than the t = 5.0 second peak. This is due to the multi-state motors thermally tripping at slightly different intervals, a result of the base ZIP loads representing an unbalanced load case. Due to the imbalance in load, the three multi-state motor models experience different voltage magnitudes at their terminals, and enter the stalled and tripped states at different times in the simulation. This provides a slightly different starting time for the 3.0-second thermal recovery, which results in a staggered restart around t = 14.8 seconds. The t = 5.0 second start-up was synchronized across all of the motors, which resulted in a larger coincidental real and reactive power draw. Fig. 5 shows the measured frequency at the generator for the same sequence of events. During the voltage recovery at t = 13.25 seconds, the standard motor model shows a significant transient in the real power, reactive power, and the frequency information. This transient should not exist. With the parameters specified, the motor should have tripped off, If the results of the standard motor model simulation were utilized, an over-sized generator may be purchased, just to avoid a "phantom transient" that did not affect the system during that event.
B. Case 2: Example of Determining Correct Generator Size (Small System)
With the difference in the transient response between a simple ZIP-based model and the more complicated motor models, it is clear the starting surge of the motors could factor into equipment sizing decisions. In Case 2, dynamic simulations will be conducted to determine the minimum size generator that could support the motors starting. Generator sizing will be examined to ensure the system does not violate the ranges of IEEE-1547-A [43] during the motor starting, which would cause standard grid-connected inverters to disconnect. For Case 2, aside from an initial ZIP scenario that matches Case 1, all ZIP loads have been changed to multi-state induction motor loads, resulting in six total induction motors on the system. Three of these motors are already running, and the remaining three will start at 5.0 seconds. All motors retain the 1.35 second thermal trip time from Case 1, but have a reconnect time of 200 seconds. The plots in Fig. 6 show the system frequencies for a number of different generator sizes, ranging from 11 kVA to the original 30 kVA rating.
As would be expected, Fig. 6 shows that as the generator size decreases, the frequency transient becomes much larger. Both the frequency deviation, and time spent below the nominal value (60 Hz), are increased as the generator size is reduced. In most of the cases presented, the generator recovers from the starting surge of the induction motors, all the motors start, and the system enters a new stable operating point. However in the 11 kVA and 13 kVA generator cases, a large secondary transient appears at t = 6.35, associated with the starting motors tripping offline, having been stalled and tripping the thermal overload. With the 11 kVA generator case, it is clear the system is having difficulties maintaining frequency. While the multi-state motor model allows the thermal overload protection to trip the motors offline, the detailed model of the running and stalled states reveals another issue. The plus markers (+) in Fig. 6 highlight where the motor start caused the generator frequency to drop below 57.0 Hz. Note that in this simulation, no generator protections are modeled explicitly -the generator has no under-frequency protection relay modeled. The times below 57.0 Hz are between t = 5.3424 and t = 5.5820 seconds of the simulation, which indicates the frequency was below 57.0 Hz for about 0.2396 seconds. For systems with IEEE std. 1547-Acompliant devices, the frequency can only be below 57.0 Hz for 0.16 seconds or less [43] . This would cause those devices to trip offline, causing a generation short-fall, and destabilize the microgrid. In this scenario, the owner would need to either change operating procedures (such as not starting all of the motor simultaneously), or choose a larger generator to prevent this transient.
C. Case 3: Example of Determining Correct Generator Size (Medium System)
For a more dramatic example of the generator sizing and multi-state motor example, consider taking the simple system used so far and scaling all of the generation and load up by an order of magnitude. The 30.0 kVA generator is resized to 950 kVA. The base load is scaled by a factor of 100, and the three multi-state motor models are now 100 kW each. The three base-load motors are already running, and at t = 5.0 seconds, the three new 100 kW motors are started. As with the 11.0 kVA case above, the motor start results in a significant transient on the system. Fig. 7 shows overall generator power output, as well as the motor speeds at one node on the system, where both a base load motor and starting motor are located.
In the single node measurement of Fig. 7 , a running and starting motor are represented. At t = 5.0 seconds, the stopped motor activates and tries to start, which results in a significant power draw, decreasing the voltage, and decelerating the running motor. An interesting interaction occurs at t = 6.258 Generator measured power and single-node motor speeds for a 950 kVA generator case.
seconds, where a small transient is seen in the power consumption. This is caused by governor of the 950 kVA diesel generator, as the frequency transitions from under-nominal to above-nominal (60.0 Hz). Despite this transient, the motors remain in their stalled and decelerating states. At t = 6.385 seconds, the starting motor trips out of service due to a thermal overload, having never successfully started. The voltage starts to recover due to the other starting motors thermally tripping as well. However, the running motor on this node has already stalled, and is unable to recover. Eventually, its thermal protection activates as well, tripping it out of service.
While the scenario presented has been scaled to abnormally large single-phase induction motors, it still highlights the benefits of the multi-state motor model. The influence of the starting motor on the voltage of the system, which resulted in the running motor stalling and tripping, highlights the complex interactions of dynamics in microgrid scenarios. Using only the pure dynamic conditions motor model, the simulation would result in all of the motors stalling, and likely overloading the generation on the system. This result could lead to a change in operations or equipment on the microgrid, seeking to mitigate a problem that did not exist.
D. Case 4: Specific Example on Larger 123-Node Test System
For the first three cases, a simple four-node system was used to examine the impact that multi-state dynamic load models have on the microgrid stability and operations. Case 4 will use a modified version of the IEEE 123-Node Test System [44] to examine the scalability of the proposed multi-state motor model, as well as examine how these multi-state load models can influence the dynamics of a low inertia system. The modified 123-Node Test System provides an example of a feeder-level microgrid, using local generation to support the load on the system. This representation is much like examples described in IEEE std. 1547.4 [45] and proposed as part of utility-owned microgrids, like the Commonwealth Edison's Bronzeville microgrid project [46] . The modified 123-node system represents a small residential/light commercial feeder that has distributed energy resources and switch gear deployed to enable it to operate in an islanded manner. A simple one-line diagram of the IEEE 123-node Test System is shown in Fig. 8 . The microgrid section of the feeder is highlighted in the shaded area, representing about one-third of the total feeder node count.
In the modified version of the 123-Node Test System, the normal end-use loads have been replaced with multistate single-phase induction motor loads and zip loads, to represent the coincidental load that may be active on the feeder at that instant. The active load devices were randomly selected from the base 123-node loads until the expected load value (1.279 MW) was obtained. The resulting population ratios are shown in Table IV , which were 500 active multistate induction motors and 278 active ZIP models. Induction motor sizes were selected as a uniform distribution between 1.0 kW and 2.5 kW of size, representing common induction motor sizes associated with residential HVAC and refrigeration devices [40] . Thermal tripping parameters were done as a normal distribution centered around 2.2 seconds, with a 1-second standard deviation. The ZIP models represent common other appliances, associated with everything from plug loads to electric water heaters, with sizes between 0.3 kW and 7.2 kW [11] , [40] . More loads of both types exist in the total loading of the feeder, but are assumed to be inactive due to normal equipment cycles.
To provide power in the microgrid, the low-inertia case of 100% inverter-based generation is considered. Table V summarizes the four inverter-based generation sources on the microgrid portion of the feeder. The microgrid is primarily powered by a 4.1 MW voltage source, grid-forming inverter attached at node 300. This inverter has 4.1 MWh of attached storage, to run it at the maximum rating for 1 hour. The inverter size was selected such that a stable microgrid could form under several loading levels of the system. The microgrid portion of the feeder also includes three community solar installations, sized at 60 kW, 45 kW, and 30 kW. The community solar generation is assumed to be unity power factor, IEEE std. 1547A-compliant photovoltaic generation. For the duration of the simulation, solar output was fixed, with constant solar irradiance values used for all three installations.
The simulation of the modified 123-Node Test System begins with a stable microgrid operation. That is, the system is completely disconnected from the main utility feed, and is operating only with the inverter-based generation. At t = 0.3 seconds, a single-line-to-ground fault occurs at node 76 on phase B. This fault persists to t = 3.8 seconds, where it selfclears. Due to the primarily residential nature of the microgrid, no unbalanced protection is in place at the loads. Furthermore, the location of the fault prevented the grid-forming inverter at node 300 from detecting a significant voltage unbalance, so it remained operational throughout the entire event. Fig. 9 shows the voltage at node 197, where the 60 kW community solar installation is located. As the plot shows, the fault is pulling the phase B voltage down to 0.4 p.u., clearly a significant reduction. Fig. 10 shows the same node, but with focus on the t = 0.25 to t = 0.5 second interval. Of note is the initial drop in voltage due to the fault at t = 0.3 seconds. However, the decrease from t = 0.3 seconds to t = 0.4 seconds is a secondary consequence of the fault. This slow voltage drop is due to single-phase multi-state induction motor models attached on phase B starting to stall and enter a locked rotor configuration. As a result, the power draw is significantly larger, pulling the voltage even further downward. If a standard ZIP-based representation were utilized, or a motor model that only captured the standard running dynamics, this additional voltage drop would not be captured. The voltage steps between t = 1.0 and the fault clear at t = 3.8 are associated with the stalled motors thermally tripping. Fig. 11 show the percentage of the multi-state motors on the system for the different times of the simulation. The simulation starts with all of the motors running. Since the fault condition is only on phase B, not all of the motors are affected by the sudden reduction in voltage. During the fault, 47 motors have stalled due to the low voltage condition. The number of motors in the "Stalled" versus "Tripped" condition is obviously inversely related. As the thermal protection on the multi-state motor models triggers, the motors transition from the "Stalled" to "Tripped" state. Any motors that have not tripped by the voltage recovery at t = 3.8 seconds attempt to restart, and transition back into the "Running" condition. As Fig. 11 shows, a few of the motors oscillate between the "Stalled" and "Running" state during this transition. This is due to neighboring motors starting, as well as the final few motors tripping offline and changing the system conditions. The responses to the single-line-to-ground fault shown in Fig. 9 -Fig. 11 show one particular case of a feeder-level simulation of a low-inertia microgrid with multi-state dynamic models. If a standard ZIP model had been used, or just a standard dynamic motor model, many of the details in the simulation would not be captured. For the voltages in Fig. 9 and Fig. 10 , the resulting voltage drop could have stopped at the 0.7 p.u. value directly associated with the addition of the fault impedance, not the secondary decay due to the motors stalling. Furthermore, the slow rise in voltage associated with the motors thermally tripping would not be captured, and could result in an incorrectly configured recovery triggering. Fig. 11 highlights how the different states and conditions of the grid interact, particularly during the recovery phase. After the fault clears, the voltage recovery is not instantaneous everywhere. A few of the motors remain stalled, and even fluctuate between the "Stalled" and "Running" states while the system recovers. Under a simple load representation and without the multiple states modeled, this behavior would not be captured. The additional loads recovering may influence how protection is designed on the system. If an explicit model were simulated, these recovering loads may be the critical devices, and their recovery in this scenario may save a costly capital investment. With the distribution and microgrid scenarios very sensitive to localized conditions, capturing these dynamic interactions could be instrumental in designing upgrades to the system, and adjusting operating procedures.
E. Implications of Model Detail
The results of the four cases have shown the dynamics of the end-use load, especially the proper response of multi-state motor models, have a significant impact on system operations, particularly in low-inertia systems or microgrids. Single-state ZIP models can show an overall steady-state energy balance, but increasing the detail to multi-state models allows timeseries behavior to be investigated. In the case of a multi-state induction motor model, the motor stalling and tripping can influence conditions on the system significantly, including how generation is sized or operated. If only a ZIP model or standard motor model is utilized, the significant changes in output power associated with the motors thermally tripping, and reconnecting later, may not be captured at all. This could lead to under-sized generation, or even improperly set protective devices. As the system gets closer to deployment, the increased model complexity is needed to evaluate the operations of resiliency-based microgrid operations.
V. CONCLUSION
Different levels of load modeling yield different insights into microgrid operations. As low-inertia microgrid use becomes more prevalent to help improve resiliency for distributionlevel assets, the importance of proper dynamic models are more apparent. Traditional transmission-connected distribution studies, or infinite bus distribution analysis are no longer adequate for microgrids. Utilizing simplified load models can show a system as feasible, but that system would clearly have operational challenges in the field. The behavior of singlephase induction motors, especially in light commercial and residential feeder scenarios, can have a significant impact on the microgrid behavior. By incorporating dynamics via the multi-state load models, these behaviors can be addressed during the design stage. Incorporating these load models and full, dynamic generation models enables a full end-to-end examination of the microgrid, prior to deployment.
The work presented in this paper proposes a multi-state motor model and demonstrates how the interactions between the controls of generators and the dynamic loads may have some unexpected behavior. Future work will examine how to properly quantify these interactions, as well quantitatively determining when a dynamic-phasor-based transient simulation may be necessary, as opposed to the higher-level power/energy balance simulations.
